Local adaptation is a common but not ubiquitous feature of species interactions, and 16 understanding the circumstances under which it evolves illuminates the factors that influence 17 adaptive population divergence. Antagonistic species interactions dominate the local adaptation 18 literature relative to mutualistic ones, preventing an overall assessment of adaptation within 19 interspecific interactions. Here, we tested whether the legume Medicago lupulina is locally 20 adapted to two species of mutualistic nitrogen-fixing rhizobial bacteria that vary in frequency 21 across its eastern North American range. We reciprocally inoculated northern and southern M. 
mutualisms and antagonisms, including the maintenance of variation within interactors (Kopp & 58 .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/078675 doi: bioRxiv preprint first posted online  8 frequencies of M. lupulina's two symbiotic rhizobia species (Ensifer medicae and E. meliloti) 146 vary along a northwest-to-southeast cline ( Figure S1 ) (Harrison, 2015) . 147
148

Reciprocal transplant experiment 149
To test for adaptation to the local rhizobia, we inoculated M. lupulina genotypes from the 150 northern and southern portions of the plant's eastern North American range with either the 151 locally abundant rhizobium species in the north (E. medicae) or in the south (E. meliloti). From a 152 total of 39 M. lupulina populations sampled between Delaware and Ontario in September-153
October of 2013 (Harrison, 2015) , we selected 7 southern and 7 northern plant populations in 154 which Harrison (2015) detected only a single Ensifer species ( Figure 1 , Table S1 ; see Figure S1 155 for a complete map with all 39 sampled populations). Within each population, seeds and root 156 nodules were collected from 2-10 randomly chosen M. lupulina individuals. All sampled plants 157
were at least 0.5m apart. Nodules were stored at 4°C in plastic bags until they were processed. 158
Field-collected seeds from these populations were grown in the greenhouse for one generation to 159 reduce maternal and environmental effects from the field, and we performed our experiments 160 using the progeny of these greenhouse-grown plants. 161 We planted F 1 greenhouse-derived seeds of 43 maternal families (27 from the north and 162
16 from the south) in a split-plot randomized complete block design in the greenhouse at the 163 University of Toronto. Each block was divided into two bacterial treatments, each containing 15 164 northern and 11 southern plants, the locations of which were randomized within blocks. 165
Populations were split across blocks. Due to seed limitations, not all families were represented in 166 every block, but within a block both bacterial treatments comprised the same 26 families. We 167 .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/078675 doi: bioRxiv preprint first posted online  replicated this design across six blocks, for a total of 312 plants (6-13 replicates per family for 37 168 families; 1-4 replicates per family for 6 families). An additional block containing 42 plants (33 169 from the north and 9 from the south) served as an inoculation control, and a means for estimating 170 plant performance and fitness in the absence of either bacterial species. Prior to planting, seeds 171
were scarified with a razor blade, sterilized with ethanol and bleach, and stratified on 8% water 172 agar plates at 4˚C for 7 days to germinate. We planted with sterile forceps into cone-tainers filled 173 with sand (autoclaved twice at 121°C). We misted seedlings with water daily and fertilized with 174 5mL of nitrogen-free Fahraeus medium (noble.org/medicagohandbook) twice before inoculation 175 with rhizobia. 176
The Ensifer strains used for inoculation were recovered from frozen samples collected by 177
Harrison (2015) from two of the populations used in our experiment. The strains were originally 178 cultured from field-collected root nodules by sterilizing one nodule per plant in ethanol and 179 bleach, and crushing and plating it onto a 2% tryptone yeast (TY) agar plate. Strains were re-180 streaked onto TY agar four times to reduce contamination and grown at 30°C for 48 hours, after 181 which they were transferred to liquid TY media and cultured for two days at 30°C. To identify 182 each strain to species (E. medicae or E. meliloti), DNA was extracted from liquid cultures (cell 183 density: 8 x 10 8 cells/ml) using the MoBio UltraClean Microbial DNA Isolation Kit, whole-184 genome sequenced at SickKids Hospital (Toronto, Ontario), and genotyped using GATK 185 (McKenna et al., 2010) . We used alignment scores and the Ensifer 16S locus (Rome et al., 1997) 186 to determine species identity of rhizobia strains associated with the sampled plants. 187 We selected one E. medicae strain from the northernmost population in Ontario and one 188 E. meliloti strain from the southernmost population in Delaware for our experiment ("SEG" and 189
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North America (Harrison 2015) , so the specific strains used are not likely to influence our 191 results. Prior to inoculation, these strains were cultured as described above from samples stored 192 at -80°C. Liquid cultures were diluted with sterile TY media to an OD600 reading of 0.1 (a 193 concentration of ~10 6 cells per mL) (Simonsen & Stinchcombe, 2014b) . Each plant received 1 194 mL of inoculate 13 days after planting, and 1 mL again 10 days later. Controls were also 195 inoculated twice with sterile TY media 10 days apart, and were used to assess rhizobia 196 contamination across treatments. Throughout the remainder of the experiment, all plants were 197 bottom-watered three times a week. We used two bottom-watering trays per block, such that all 198 plants in a given bacterial treatment had the same tray, while those from the alternative bacterial 199 treatment had a different tray. 200
We scored mortality weekly throughout the experiment, counted the number of leaves 201 every 4 weeks, recorded the date of first flower, and collected seeds. After five months, which 202 approximates the length of the April-October growing season in southern Ontario (Turkington & 203 Cavers, 1979), we harvested all plants and collected any remaining unripe seeds. We dried and 204 weighed aboveground tissue from each plant to the nearest 0.1 mg, and counted all seeds and 205 root nodules (symbiotic organs housing the rhizobia). 206
We analyzed five traits to test for local adaptation of northern and southern M. lupulina 207 plants to their local rhizobium: number of seeds, aboveground biomass, flowering time 208 (excluding plants that did not flower), probability of flowering, and number of nodules. All 209 analyzes were performed in R v.3.2.4 with sum-to-zero contrasts ("contr.sum") (R Core Team,  210 2016), and we tested significance using type III sums of squares in the function Anova in the car 211 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/078675 doi: bioRxiv preprint first posted online  package (Fox & Weisberg, 2011) . Log-transformed aboveground biomass and flowering time 212
were analyzed with general linear mixed models using the function lmer in the lme4 package 213 (Bates et al., 2015) . Probability of flowering and number of nodules were analyzed with 214 generalized linear mixed models with binomial and Poisson error distributions, respectively, 215 using the function glmer in the lme4 package (Bates et al., 2015) . We verified that all dependent 216 variables met the assumptions of linearity, normality, and homoscedasticity through visual 217 inspection of quantile-quantile plots, plots of the residuals versus fitted values, and scale-location 218 plots. Seed number was severely zero-inflated (42% of plants did not produce seeds), so we 219 analyzed it using a mixture model (see below). 220
Each of the above models included rhizobia treatment (E. medicae or E. meliloti), region 221 (north or south), and the rhizobia-by-region interaction as fixed effects. A significant rhizobia-222 by-region interaction, in which northern plants have higher fitness when inoculated with E. 223 medicae and southern plants have higher fitness with E. meliloti, would be evidence for local 224 adaptation. We included a fixed effect of researcher in our analysis of nodule counts. Block, 225 population, and family nested within population were included as random effects. We also 226 included the block-by-treatment interaction as a random effect because the rhizobia treatment 227 was applied at the half-block rather than at the plant level (Altman & Krzywinski, 2015). While 228 this design provides a weaker test of the rhizobia main effect, it is sensitive to the detection of 229 rhizobia-by-region interactions, the main goal of our experiment (Altman & Krzywinski, 2015) . 230
We analyzed seed number with a zero-inflated Poisson model implemented with the 231 function MCMCglmm in the package MCMCglmm (Hadfield, 2010) . Zero-inflated models are a 232 type of mixture model in which the zero class is modeled as the combined result of binomial and 233 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/078675 doi: bioRxiv preprint first posted online  count processes (Zuur et al., 2009) . In MCMCglmm, zero-inflated Poisson GLMMs are fit as 234 multi-response models with one latent variable for the binomial zero-generating process and one 235 for the Poisson count-generating process (Hadfield, 2015) . We fit a model for seed number that 236 included fixed effects of rhizobia, region, the rhizobia-by-region interaction, and the reserved 237
MCMCglmm variable "trait" that indexes the binomial and Poisson latent variables. We omitted 238 the interaction between trait and other fixed effects in order to estimate a single effect of 239 rhizobia, region, and the rhizobia-by-region interaction across both the binomial and Poisson 240 processes. Block, population, family, and the block-by-treatment effect were included as random 241 effects. Different random effect variances were fit to the binomial and Poisson processes using 242 the "idh" variance structure in MCMCglmm (Hadfield, 2015) . We fit a residual variance (R) 243 structure using the argument rcov = ~ us(trait):units, which allows a unique residual for all 244 predictors in the model, used the default priors for the fixed effects (mean = 0, variance = 10 10 ) 245 and specified parameter-expanded priors (alpha.mu = 0, alpha.v = 1000) for the random effects 246 (Hadfield, 2010) . 247 We ran the model for 1,300,000 iterations, discarded the first 300,000 iterations, and 248 stored every 1,000 th iterate. Model convergence was assessed with traceplots, running mean 249 plots, and autocorrelation plots of the fixed and random effects using the coda (Plummer et time, and number of nodules by extracting the conditional modes (also known as the best linear 257 unbiased predictors, or BLUPs) for each level of the family random effect from the models 258 described above. For number of seeds, we used the marginal posterior modes of the family 259 random effect as our family mean estimates. 260
261
Genomic outlier analysis 262
We used M. lupulina SNP data collected by Harrison (2015) to perform genomic scans of 263 local adaptation. Field-collected seeds from 190 M. lupulina individuals were grown in the 264 greenhouse as described in the "Reciprocal transplant experiment" section above. We extracted 265 DNA from leaf tissue collected from one individual per maternal line using the Qiagen DNeasy 266
Plant Tissue Mini Protocol. These samples were sequenced at Cornell University using 267 genotyping-by-sequencing (GBS) in two Illumina flow cell lanes (Elshire et al., 2011) . Genomic 268 libraries were prepared with the restriction enzyme EcoT22I, and SNPs were called using the 269
program Stacks (Catchen et al., 2011 (Catchen et al., , 2013 . We extracted and sequenced rhizobia DNA from 270 one nodule from each field-sampled plants, and determined the species identity of each strain as 271 described in the "Reciprocal transplant experiment" section above. We successfully determined 272 the species identity of the rhizobia associated with 73 out of 190 M. lupulina plants, and 273 performed all subsequent analyses on these 73 plants (or a subset thereof; see below). Our 274 bioinformatics and SNP discovery pipelines for Ensifer and Medicago are described in detail in 275 Appendix S1. 276 We performed the BLAST test in two ways: first using the range-wide sample of plants that 292 hosted different bacterial species (73 plant individuals), and second, focusing on southern 293
Ontario samples (49 plant individuals). We performed the latter test because of the possibility 294 that many loci unrelated to bacterial specificity (e.g., climatic adaptation) could be differentiated 295 between southern Ontario and the mid-Atlantic United States due to environmental gradients that 296 covary with bacterial species composition. 297 .
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Outlier loci detected in genotyping-by-sequencing (GBS) data are rarely the actual loci 298 responsible for adaptation; instead, they are usually in linkage disequilibrium (LD) with the 299 causal genes. To account for this possibility, we searched for genes involved in the legume-300 rhizobia symbiosis within either 5 or 10 kb of the M. truncatula orthologs of the outlier loci that 301 we detected in both the range-wide and Ontario samples. This approach assumes synteny 302 between M. truncatula and M. lupulina. We chose 5 and 10 kb based on the scale of LD in M. 303 truncatula (Branca et al., 2011) . While the scale of LD between even closely related species is 304 likely to differ based on mutation rates, recombination, population structure, and a host of other 305 demographic and evolutionary factors, we viewed this approach as superior to simply confining 306 our searches to the GBS loci without accounting for potential LD with causal genes. 307
Finally, we measured the distance between the M. truncatula orthologs of the outlier loci 308 that we detected in both the range-wide and Ontario samples and key M. truncatula genes 309 involved in the rhizobia symbiosis (again assuming synteny between M. truncatula and M. 310 lupulina). We considered genes involved in the initial signal exchange between the legume and 311 rhizobia (NSP, IPD3, and DMI1-DMI3); genes involved in infection thread development (LIN); 312 and genes involved in both rhizobia signaling and infection (NFP, LYK3, and NIN) ( between all measured traits were generally low, indicating that the traits that we measured were 330 largely independent of one another (r ≤ |0.10|, P ≥ 0.54). Only flowering time and aboveground 331 biomass were significantly correlated (r = 0.49, P = 0.002); later-flowering plants had greater 332 aboveground biomass. 333
Our analysis of seed number, probability of flowering, and flowering time revealed no 334 evidence of adaptation to the local rhizobia. There was no significant rhizobia-by-region 335 interaction for any of these reproductive traits (Figure 2 , Table 1 ). There was a marginally 336 significant effect of region on seed number; southern plants produced more seeds than northern 337 plants in both rhizobia treatments ( Figure 2A , Table 1 ). There was no significant effect of 338 rhizobia treatment or region on either flowering trait ( Figure 2C , Table 1 ). 339
The rhizobia-by-region interaction for aboveground biomass was marginally significant 340 (P rhizobia-by-region interaction = 0.054, Table 1 ). While the biomass of northern plants was unaffected by 341 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/078675 doi: bioRxiv preprint first posted online  rhizobia treatment, southern plants produced more aboveground biomass when inoculated with 342 E. meliloti ( Figure 2B ), the locally abundant rhizobia in south. 343
We found a highly significant rhizobia-by-region interaction for nodule number (Table  344 1). Northern plants produced more nodules that southern plants when inoculated with E. 345 medicae, the locally abundant rhizobia in the north. The difference between northern and 346 southern plants decreased when inoculated with E. meliloti, an effect that was driven by both an 347 increase in nodulation in southern plants and a decrease in nodulation in northern plants (Figure  348   2D ). There was also a significant effect of region, indicating that northern plants produced more 349 nodules across both rhizobia treatments, and a significant effect of researcher (Table 1) Of the top 1% of SNPs detected in the range-wide sample (20 SNPs total), eight were 361 associated with a specific M. truncatula gene (BLAST scores: 35.6 -102; E value: 1.00e-19 -362 0.31). Higher BLAST scores reflect higher-quality alignments; these scores indicate that our 363 These 8 loci did not map to any genes known to be involved in the legume-rhizobia mutualism. 366
The remaining 12 loci did not map to a specific gene in the M. truncatula genome (BLAST 367 scores: 35.6 -102; E-values: 3.00e-20 -3.10e-1). 368
The results were qualitatively similar for the Ontario sample ( Table 2 We combined phenotypic and genomic approaches to test for local adaptation of M. 403 lupulina to its mutualistic nitrogen-fixing bacteria across its eastern North American range. 404
Although our results confirm that M. lupulina performs poorly without any rhizobia, we found 405 no evidence for adaptation to the local rhizobia species in our reciprocal transplant experiment 406 for the majority of traits, including our best proxy for fitness (number of seeds). Our genomic 407 . and seed production. The fact that seed number, a reasonable proxy for total fitness in a selfing 426 annual or short-lived perennial like M. lupulina (Turkington & Cavers, 1979) , was unaffected by 427 the local rhizobia strongly suggests that adaptation to the local rhizobia was absent in our 428 experiment at the whole-plant level. 429 . However, this process should minimize plant-rhizobia interactions for fitness within rhizobia 526 species as well, inconsistent with the pervasive genotype-by-genotype interactions documented 527 between M. truncatula and E. meliloti strains (Heath et al., 2012) . 528
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Finally, local adaptation may be restricted to the half of the mutualism that we did not 529 examine; the rhizobia may be adapted to their local M. lupulina genotype even though the plant 530 does not appear to be adapted to its local rhizobium. The strongest signature of local adaptation 531 in our reciprocal transplant experiment occurred in nodule traits, a pattern that has also been 532 documented in congeneric Medicago species (Porter et al., 2011) . Differential nodulation may 533 impact the rhizobia more than the plant, given that nodule number is correlated with rhizobia 534 fitness in Medicago (Heath, 2010) . Stronger local adaptation in one partner commonly occurs in 535 host-parasite systems (Hoeksema & Forde, 2008) 
Data accessibility 774
Sequence data will be uploaded to NCBI. VCF files and data from the reciprocal transplant 775 experiment will be available on Dryad. GPS coordinates of sampled plant and rhizobia 776 populations are reported in Table S1 . 777
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